The Aurora kinases are serine/threonine kinases with conserved functions in mitotic cell division in eukaryotes. In Arabidopsis, Aurora kinases play important roles in primary meristem maintenance, but their functions in vascular development are still elusive. We report a dominant xdi-d mutant showing the xylem development inhibition (XDI) phenotype. Gene identification and transgenic overexpression experiments indicated that the activation of the Arabidopsis Aurora 2 (AtAUR2) gene is responsible for the XDI phenotype. In contrast, the aur1-2 aur2-2 double mutant plants showed enhanced differentiation of phloem and xylem cells, indicating that the Aurora kinases negatively affect xylem differentiation. The transcript levels of key regulatory genes in vascular cell differentiation, i.e. ALTERED PHLOEM DEVELOPMENT (APL), VASCULAR-RELATED NAC-DOMAIN 6 (VND6) and VND7, were higher in the aur1-2 aur2-2 double mutant and lower in xdi-d mutants compared with the wild-type plants, further supporting the functions of a-Aurora kinases in vascular development. Gene mutagenesis and transgenic studies showed that protein phosphorylation and substrate binding, but not protein dimerization and ubiquitination, are critical for the biological function of AtAUR2. These results indicate that a-Aurora kinases play key roles in vascular cell differentiation in Arabidopsis.
Introduction
Plant vascular tissue consists of xylem and phloem that transport water, nutrients and signaling molecules to all active organs. In secondary growth, xylem and phloem cells are produced from meristematic cambial cell division and subsequent differentiation of the progeny cells (Sablowski 2011 , Miyashima et al. 2013 , Yang and Wang 2016 . These two processes are regulated by multiple signals, including peptide signaling Fukuda 2015, Etchells et al. 2016 ) and hormonal pathways (Berleth et al. 2000 , Nilsson et al. 2008 , Bishopp et al. 2011 , Ohashi-Ito et al. 2013 . The differentiation of phloem and xylem tissues is especially well known for being under control of a complex transcriptional network (Cano-Delgado et al. 2010 , Wang and Dixon 2012 , De Rybel et al. 2013 , Zhang et al. 2014 . Genes involved in cell division may play a critical role in vascular cell differentiation, but the regulatory mechanisms are still elusive (Marrocco et al. 2009 , Fujii et al. 2012 , Collins et al. 2015 .
In eukaryotes, Aurora kinases play pivotal roles in mitotic cell division, including centrosome formation, bipolar spindle formation and chromosome condensation/segregation (WirtzPeitz et al. 2008 , Cowley et al. 2009 , Carmena et al. 2012 , Weimer et al. 2016 . The Arabidopsis genome encodes three Aurora kinases that can be divided into two groups, a-Aurora kinases (AtAUR1 and AtAUR2) and b-Aurora kinase (AtAUR3) (Demidov et al. 2005 , Weimer et al. 2016 ). The two a-Aurora kinases are similar in gene structure and probably arise from a recent gene duplication event, whereas divergence of a-and bAurora kinase happened much earlier during evolution (Demidov et al. 2005) . Plant a-Aurora kinases regulate asymmetric cell division, chromatin modification, aneu-/polyploidization and division plane orientation (Demidov et al. 2005 , Van Damme et al. 2011 , Demidov et al. 2014 . Both upstream and downstream components have been identified for Aurora kinases. Histone H3 is a substrate of all three plant Aurora kinases, and is phosphorylated at Ser10 (Demidov et al. 2005 , Kawabe et al. 2005 , Van Damme et al. 2011 . Further investigations indicate that the a-Aurora kinases could be activated and phosphorylated by TARGETING PROTEIN FOR XKLP2 (AtTPX2), and in turn increase the phosphorylation level of histone H3 in vitro (Tomaštíková et al. 2015) . Aurora kinases also phosphorylate many transcription factors, such as those in the bZIP and WRKY domain transcription factor families (Takagi et al. 2016) .
Plants with mutation of Arabidopsis Aurora kinases display a variety of developmental defects. Down-regulation of AtAUR kinases by RNA interference (RNAi) results in defective cell division and compromised endoreduplication, therefore causing phenotypes of arrested stomatal division and impaired apical meristem (Petrovska et al. 2012 , Lucas et al. 2013 . A weak aur1-2 aur2-2 double mutant shows defects in root growth and disrupted formative cell division, while a strong aur1-1 aur2-2 double mutant shows gametophytic lethality (Van Damme et al. 2011) . The heterozygous aur1-1 aur2-2 Plant Cell Physiol. 60(1): 188-201 (2019) doi:10.1093/pcp/pcy195, Advance Access publication on 17 October 2018, available online at www.pcp.oxfordjournals.org ! The Author(s) 2018. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com double mutant and aur1-1 single mutant combined with the AtAUR3-RNAi transgene display abnormal pollen development and aborted seeds (Van Damme et al. 2011 , Petrovska et al. 2012 , Demidov et al. 2014 .
In this study, we report that a-Aurora kinases function in phloem and xylem differentiation in vascular tissues. Overexpression of AtAUR2 in a dominant activation tagging line repressed protoxylem development. In contrast, loss of function of AtAUR2 and AtAUR1 promoted the development of both phloem and xylem, as shown in the aur1-2 aur2-2 double mutant. Complementation experiments indicated a functional redundancy between these two a-AtAUR kinases with respect to vascular development. We also found that the biological functions of AtAUR2 kinase depend on the phosphorylation and substrate interaction activities. Gene expression analyses confirmed that the a-Aurora kinases are negatively correlated with key genes in phloem and xylem differentiation in vascular tissues.
Results
The xdi-d mutants demonstrate defects in vascular development
To understand the regulation of vascular development and secondary cell wall (SCW) formation, we have established a screening method, in which a large activation tagging population was created and screened for abnormal vascular organization using fluorescence microscopy by taking advantage of autofluorescence of lignin-containing SCWs in stem cross-sections (Du et al. 2015) . A dominant mutant showing a xylem development inhibition (XDI) phenotype was identified and named xdi-d. Plant growth was affected in both vegetative and reproductive stages in the mutant lines (Fig. 1A, B) . Compared with the wild type, the 3-week-old heterozygousand homozygous plants were remarkably smaller in size (Fig. 1A) . The main stems of mature heterozygous plants were approximately 20% shorter, and homozygous plants were 75% shorter than the wild type (Fig. 1B) . The development of flowers and siliques and the number of stems were not significantly different from the wild type (Fig. 1) . Stem cross-sections were prepared from 6-week-old mature plants and stained with toluidine blue that stains all cell types, or with phloroglucinol that stains lignified cells with SCWs (Fig. 1C) . Xylem development was defective in both xdi-d heterozygous and homozygous plants, resulting in far fewer xylem cells, especially in the protoxylem region (Fig. 1C) .
Metaxylem and protoxylem cells can be easily distinguished by their relative position and the size of their vessel cells ( Fig. 2A) . The xdi-d mutant plants were defective in protoxylem differentiation (Fig. 1C) . To better characterize the xdi-d mutants, we also investigated the vascular and interfascicular fiber cells using transmission electron microscopy (TEM). In wild-type plants, SCWs of vascular fiber cells were well developed, and no cell contents were observed in these cells (Fig. 2B) . In contrast, many parenchyma cells were observed next to the vessel cells in the xdi-d heterozygous and homozygous plants, indicating that the development of vascular fiber cells was affected in xdi-d mutants (Fig. 2B) . The development of interfascicular fiber cells showed no significant difference between xdi-d mutants and the wild type plants (Fig. 2B) . The phenotypes of xdi-d mutants are caused by overexpression of the AtAUR2 gene Using a thermal asymmetric interlaced PCR (TAIL-PCR) method and subsequent sequencing of the PCR products, we detected two tandem T-DNA insertions in opposite orientations located between At2G25890 (OLEOSIN) and At2G25900 (TZF1) in the xdi-d mutant genome (Fig. 3A) . The At2G25880 (AtAUR2) gene was located 600 bp upstream of At2G25890. The expression of all three genes was up-regulated in the mutant lines ( Fig. 3B; Supplementary Fig. S1A, B) . The expression level of AtAUR2 increased about 12 and 20 times in xdi-d heterozygous and homozygous plants, respectively (Fig. 3B) . To determine which gene(s) is responsible for the xdi-d phenotype, we performed overexpression experiments using each of the three genes ( Fig. 3; Supplementary Fig. S1 ). Overexpression of AtAUR2 driven by the Cauliflower mosaic virus (CaMV) 35S promoter in the wild-type plants resulted in defects in protoxylem and metaxylem development, and ectopic lignification of phloem fibers, which were similar to those of xdi-d mutants (Fig. 3C) . A dwarf phenotype was also observed in the AtAUR2-overexpressing transgenic plants (Fig 3D) . The overexpression of AtAUR2 was confirmed with real-time reverse transcription-PCR (RT-PCR) experiments (Fig. 3E) . In contrast, no vascular developmental defects were observed from transgenic plants overexpressing either the OLEOSIN or the TZF1 gene ( Supplementary Fig. S1C-E) , although the TZF1-overexpressing plants were dwarf and showed defects in vegetative growth (Lin et al. 2011) . Therefore, these results indicated that the AtAUR2 gene was responsible for the phenotypes of xdi-d mutants.
The expression pattern of the two a-Aurora kinase genes
There are two a-group Aurora kinase genes in the Arabidopsis genome, namely AtAUR1 and AtAUR2, which encode 294 or 288 amino acid polypeptides, respectively. The protein sequences of AtAUR1 and AtAUR2 share 90% identical amino acids, suggesting a high probability of functional redundancy. To investigate the expression pattern of these two genes, we investigated the expression of AtAUR1 and AtAUR2 using promoter::GUS (b-glucuronidase) reporters. GUS staining results indicated that both Aurora genes were expressed in cotyledons and roots in the seedling stage, with stronger staining in meristematic regions or in fast growing tissues than in mature tissues (Fig. 4A) . Furthermore, the GUS staining pattern is significantly affected by the development stage as shown in 1-and 2-week-old seedlings (Fig. 4A) . Activity assays using 15 independent 1-week-old seedlings of each construct indicated that the expression of the AtAUR2 gene was stronger than that of AtAUR1 (Fig. 4B) . In mature plants, GUS signals were detected in stems and pedicles (Fig. 4C) . Consistent with the in vitro activity assay, a stronger signal was observed in ProAUR2::GUS transgenic lines than in ProAUR1::GUS lines (Fig. 4C) . Strong staining was observed in leaf veins and the vascular tissues in the leaves (Fig. 4C) . In stem cross-sections, GUS signals were observed in the cambium region and protoxylem cells, as well as in cortex cells (Fig. 4D) .
Enhanced phloem and xylem development in aur1-2 aur2-2 double mutant plants
To investigate the functions of a-Aurora kinases in plant growth and vascular development, we characterized the aur1-2 aur2-2 double mutant plants. The aur1-2 aur2-2 plants grow small leaves and short petioles during vegetative growth ( Supplementary Fig. S2A ), and are dwarf with a plant height 15% of that of the wild type ( Supplementary Fig. S2B , C). The growth of single mutants aur1-2 and aur2-2 was similar to that of the wild type (Fig. 5A) . To characterize the vascular development, stem cross-sections were analyzed with phloroglucinol and toluidine blue staining, respectively. In the wild-type sections, the vascular tissue was well organized with alternate vascular bundles and interfascicular fiber regions (Fig. 5B) . The vascular organization and development of the aur1-2 and aur2-2 single mutant plants was similar to those of the wild type (Fig. 5B) . In spite of the aur1-2 aur2-2 plants being dwarf, the mutant plants showed much stronger phloroglucinol staining, indicating an enhanced development of the xylem cell walls (Fig. 5B) . The phloem region of the double mutant was also expanded, as shown in the toluidine blue staining results (Fig. 5B) . To better characterize the double mutant phenotype, we measured the thickness of the phloem and the width of the xylem tissue in the vascular bundles (Fig. 5C ). The thickness of phloem and xylem tissue was about four and three times more than that of the wild type, respectively (Fig. 5D ). These data indicate that mutation of a-Aurora kinases enhanced the differentiation of both phloem and xylem cells.
Hypocotyls develop vascular tissues that have a different organization of xylem and phloem cells. To investigate the function of AUR genes in xylem differentiation in hypocotyls, we examined the gain-and loss-of-function mutants with chemical staining. Similar to phenotypes observed in stem tissues, xylem development was inhibited in both xdi-d heterozygous and homozygous plants ( Supplementary Fig. S3A -C). In contrast, enhanced lignification was observed in the aur1-2 aur2-2 double mutant, as shown by increased intensity of phloroglucinol staining, although the xylem area is relative smaller and the hypocotyls are thinner in the mutant lines ( Supplementary Fig. S3D , E).
Functional redundancy of a-AtAUR kinases in vascular development
To determine if the enhanced development of vascular tissues in aur1-2 aur2-2 plants is due to disruption of the AtAUR1 or AtAUR2 genes, we performed complementation experiments using AtAUR1 or AtAUR2 genomic sequences. The results indicated that the defects in plant growth can be fully rescued by either AtAUR1 or AtAUR2 (Fig. 6A) . To observe vascular development, stem sections were characterized with histochemical assays (Fig. 6B) . The enhanced development in xylem and phloem regions was fully reverted to that of the wild type in Values are means ± SD of three biological replicates. *denotes a significant difference, Student t-test, P < 0.05; **denotes a strong significant difference, P < 0.01; ***denotes an extremely significant difference, P < 0.001. plants expressing either AtAUR1 or AtAUR2 (Fig. 6B ). In contrast, the AtAUR3 gene could not complement the phenotypes of the aur1-2v aur2-2 plants (Fig. 6A, B) . To better characterize the phloem development in transgenic plants, we quantified the phloem development by measuring the thickness of the phloem region in different genotypes. The results indicated that expression of AtAUR1 and AtAUR2 reverted the phloem expansion phenotype in aur1-2 aur2-2 to wild type (Fig. 6C) .
These results indicated that the two a-AtAUR kinases function redundantly in vascular development.
AtAUR2 has specific functions in vascular development
To understand if the enhanced xylem and phloem development of aur1-2 aur2-2 plants is specific to vascular development, we performed complementation experiments using two constructs, Fig. 4 Expression patterns of Arabidopsis AtAUR1 and AtAUR2 genes. (A) GUS staining results of the ProAtAUR1:GUS and ProAtAUR2:GUS constructs of 1-or 2-week-old seedlings. (B) GUS activity assay of ProAtAUR::GUS and ProAtAUR2::GUS transgenic plants. GUS activities were determined using b-glucuronidase assays with crude extracts obtained from 10-day-old seedlings. Average activity (±SD) was determined from analyzing 15 independent lines. **denotes a strong significant difference, Student t-test, P < 0.01. (C) Expression patterns of ProAtAUR1::GUS and ProAtAUR2::GUS in inflorescence stems and rosette leaves. (D) GUS staining of ProAtAUR1::GUS and ProAtAUR2::GUS in stem cross-sections. Control sections from wild-type (WT control) plants showed no staining.
ProSUC2:AUR2 and ProIRX3:AUR2. The promoters of SUC2 and IRX3 are known to be active in phloem and xylem, respectively (Truernit and Sauer 1995, Ha et al. 2002) . The transgenic studies indicated that the expression of AUR2 driven by the SUC2 promoter (ProSUC2:AUR2) partially complemented the plant growth phenotype of the aur1-2 aur2-2 double mutant (Fig. 6D) , and fully complemented the enhanced xylem phenotype (Fig. 6E) . In contrast, expression of AUR2 under the IRX3 promoter could not complement the aur1-2 aur2-2 double mutant phenotype (Fig. 6D, E) . These results indicate that vascular-specific expression of AUR2 is sufficient for normal vascular development, and expression of AUR2 in phloem tissue is important for its biological function.
Similar to AUR genes, WUSCHEL and SHOOT MERISTEMLESS, have important functions in shoot apical meristem (SAM) activity. As expected, wus-1 and stm-2 mutant plants showed strong growth defects ( Supplementary Fig. S4A ). However, unlike the enhanced xylem phenotypes of aur1-2 aur2-2 plants, these two mutants showed normal vascular development and xylem differentiation ( Supplementary Fig.  S4B ). We also overexpressed these two genes individually in wild-type plants ( Supplementary Fig. S4C-F) . Occasionally, a few transgenic plants develop stems before losing the SAM, although the majority of transgenic plants did not develop a stem at all ( Supplementary Fig. S4C, D) . We confirmed the overexpression of the corresponding genes, and found normal xylem differentiation in those lines ( Supplementary Fig. 4E, F) . These results indicate that disruption of apical meristem function has no obvious effect on xylem differentiation. These results also indicate that the AUR2 gene may have specific functions in vascular development.
The phloem and xylem master regulatory genes were negatively correlated with AtAUR2 expression Previous studies indicated that the ALTERED PHLOEM DEVELOPMENT (APL) gene has a critical role for phloem identity in Arabidopsis (Bonke et al. 2003) . We reasoned that APL expression is a very good indicator for phloem development in the aur1-2 aur2-2 double mutants. To investigate APL expression, a stable ProAPL::GUS reporter line was crossed into the aur1-2 aur2-2 background. As expected, the expression of the ProAPL::GUS reporter was detected in phloem tissues in the wild-type plants (Fig. 7A) . The activity of the GUS signal was much stronger and the expression region was broader in the aur1-2 aur2-2 double mutant compared with the wild type (Fig. 7A) . To confirm further that the expanded phloem phenotype was correlated with overexpression of the APL gene, we performed a quantitative real-time RT-PCR experiment. The expression of the APL gene was about six times higher in the aur1-2 aur2-2 double mutants compared with the wild type (Fig. 7B) . In contrast, the expression level of the APL gene Values are means ± SD of three biological replicates. ***denotes an extremely significant difference, Student t-test, P < 0.001. (D) Plant growth phenotypes of wild-type (Col-0), aur1-2 aur2-2 and transgenic aur1-2 aur2-2 plants with constructs ProSUC2:AUR2 and ProIRX3:AUR2, respectively, noting that ProSUC2:AUR2 partially complemented the growth of the aur1-2 aur2-2 double mutant. (E) Histochemical characterization of wild-type, aur1-2 aur2-2 and transgenic aur1-2 aur2-2 plants, noting that ProSUC2:AUR2 restored the enhanced xylem phenotype of the aur1-2 aur2-2 double mutant to wild type.
was lower in xdi-d heterozygous and homozygous plants than in the wild type (Fig. 7C) . To investigate whether the expanded phloem region resulted from enhanced procambium/cambium proliferation, we examined the expression pattern of ProAtHB8::GUS, a procambium maker. No significant difference in this marker was observed between the double mutant plants and those of the wild type ( Supplementary Fig. S5 ). These results indicate that the phloem expansion in the aur1-2 aur2-2 double mutants is highly correlated with up-regulation of APL expression. Therefore, our results indicate that AUR2 restricts phloem differentiation in wild-type vascular tissue. It would be very interesting to investigate further the role of APL in this regulation.
The aur1-2 aur2-2 double mutant plants showed enhanced protoxylem and metaxylem development, as revealed by phloroglucinol staining in the double mutant plants (Figs. 5, 8A ). These phenotypes were the opposite of what we observed in the xdi-d mutant plants (Fig. 1A) , indicating that a-Aurora kinases negatively affect xylem development. We analyzed the expression of two master regulatory genes of xylem development, VASCULAR-RELATED NAC-DOMAIN 6 (VND6) and VND7 (Yamaguchi et al. 2008 , Yamaguchi et al. 2010a , Yamaguchi et al. 2011 , in the gain-and loss-of-function lines, respectively. The expression of VND6 and VND7 genes was 4-5 times higher in the aur1-2 aur2-2 double mutants compared with the wild type (Fig. 8B, C) . In contrast, the expression of VND6 and VND7 genes was repressed in xdi-d heterozygous and homozygous plants compared with the wild-type plants (Fig. 8D, E) . The expression of master regulator genes of secondary cell wall development, i.e. NST1, NST2 and NST3 (Mitsuda et al. 2005 , Mitsuda et al. 2007 , Zhong et al. 2007 ), was not significantly changed in the aur1-2 aur2-2 double mutant compared with those of the wild type ( Supplementary Fig. S6 ). These results indicated that expression of APL and VND6/ VND7 genes was negatively correlated with AtAUR2 expression (Figs. 7B, C, 8B-E).
The molecular function of AtAUR2 in vascular development
The a-Aurora kinases have a number of functions in mitosis and meiosis, chromosomal stability, cell growth and apoptosis (Glover et al. 1995 , Littlepage et al. 2002 , Crane et al. 2004 , Li and Li 2006 , L.H. Wang et al. 2010 , Sun et al. 2015 . To attain these functions, the a-Aurora kinases need to have some or all of the following activities: a normal ATP cycle, substrate binding, kinase activation activity, autophosphorylation, dimerization and ubiquitination (Haydon et al. 2003 , Eyers et al. 2005 , Fu et al. 2009 , Xu et al. 2011 , Zorba et al. 2014 . To examine which activities are essential for vascular development, we performed complementation experiments with AtAUR2 harboring various mutations in the aforementioned activities. These mutations include: K35/A substitution, that leads to the delay of the release of ATP, resulting in the suspension of the normal ATP cycle (Xu et al. 2011) ; G90/N modification that blocks substrate binding by TPX2 (Eyers et al. 2005) ; D166/A results in a dead kinase domain and T179/A mutations impair autophosphorylation by inhibiting phosphate binding (Haydon et al. 2003 , Yasui et al. 2004 , Zorba et al. 2014 ); C181/A, a mutation at the dimer interface that disrupts dimer formation (Zorba et al. 2014) ; and, finally, L267/I mutation that changes the conserved motif from RxxL to RxxI, disrupting protein ubiquitination and preventing subsequent degradation (ArlotBonnemains et al. 2001) .
Constructs with the various mutated AtAUR2 genes were each transformed into aur1-2 aur2-2 double mutants. The resulting transgenic plants were examined in the F 3 generation to determine the importance of these mutations to AtAUR2 function. For each construct, multiple representative lines were selected from approximately 30 independent transgenic lines. Three AtAUR2 mutations, i.e. G90/N, D166/A and T179/A, failed to rescue the aur1-2 aur2-2 mutants (Fig. 9A, B) . In comparison with the wild type, the transgenic plants developed very short stems (Fig. 9A) , and the staining of transverse cross-sections showed enhanced secondary wall development and a thicker phloem region (Fig. 9B) . Expression analysis using real-time PCR indicated that the transgene was expressed at similar or higher level than that of the wild type (Fig. 9C) . The G90 (glycine) is a critical amino acid for substrate binding, while D166 (aspartic acid) and T179 (threonine) are responsible for phosphorylation and autophosphorylation. These results clearly showed that the kinase activity, including autophosphorylation, and substrate binding of the AtAUR2 protein are essential steps to its function in vascular development.
In contrast, full rescue was observed in transgenic plants using constructs containing AtAUR2 mutations at K35/A, C181/A and L267/I. The transgenic plants showed growth phenotypes comparable with those of the wild type (Fig. 9A) . The mutant phenotypes in vascular development were completely recovered and were indistinguishable from the wild type (Fig. 9B) . The expression levels of AtAUR2 transgenes in the transgenic lines were comparable with those of the wild type (Fig. 9C) . The K35/A (lysine to alanine) mutation delays the release of ATP and blocks the normal ATP cycle. The Cys181 to alanine mutation disrupts the dimerization interface. The Leu267 to isoleucine mutation blocks a ubiquitination site. These transgenic studies demonstrated that ATP cycle delay, dimerization and ubiquitination were not essential for the AUR2 function in vascular development.
Discussion
In spite of the importance of Aurora kinases for mitotic division events, their functions in vascular cell proliferation and differentiation remain unknown. Previous studies indicated that aAurora kinases in Arabidopsis play critical roles in the formation of cell division plane orientation (Van Damme et al. 2011 , Weimer et al. 2016 ). There are reported developmental defects that may result from mutations of a-Aurora kinases, including aborted seeds, less viable pollen, irregular division in the . Values in (B-E) are means ± SD of three biological replicates. *denotes a significant difference, Student t-test, P < 0.05; **denotes a strong significant difference, P < 0.01. stomatal lineage, defects during embryo development and aberrant periclinal divisions during lateral root initiation (Weimer et al. 2016) . In general, knocking-out/down of the two a-Aurora kinases would cause a detrimental effect on the aforementioned developmental processes. In this study, we discovered a distinct function of a-Aurora kinases in xylem and phloem cell differentiation in vascular tissues. Our results demonstrated that overexpression of AtAUR2 repressed protoxylem development, while mutation of both a-Aurora kinases enhanced xylem and phloem differentiation, indicating that AtAUR2 kinase functions as a negative regulator of phloem and xylem cell differentiation. Although both Aurora kinases play a role in vascular development, the AtAUR2 gene was expressed more highly than AtAUR1 throughout plant development (Fig 4B) , suggesting that AtAUR2 may play a major role in plant vascular development.
We presented results showing that AUR2 has specific functions in vascular development. Aurora kinases have functions in many plant tissues, especially in the SAM. Unlike Aurora kinases, mutations of WUSCHEL (WUS) and SHOOT MERISTEMLESS (STM) showed no vascular-specific phenotypes, although they both have important functions in the SAM. Transgenic lines with overexpression of WUS and STM showed no defects in xylem differentiation ( Supplementary Fig.  4E, F) . These results indicate that the xylem development phenotypes of the xdi-d mutants and aur1-2 aur2-2 double Fig. 9 Complementation experiments using AtAUR2 with mutations. The aur1-2 aur2-2 plants were transformed with AtAUR2 constructs with mutations corresponding to each of six specific amino acids. The AtAUR2 native promoter was used to drive the expression of the transgenes. (A) Representative 6-week-old wild-type (WT) and aur1-2 aur2-2 plants transformed with AtAUR2 harboring mutations at G90/N (Gly to Asn), D166/A (Asp to Ala) and T179/A (Thr to Ala), which showed no rescue of the aur1-2 aur2-2 phenotypes; and mutations at K35/A (Lys to Ala), C181/A (Cys to Ala) and L267/I (Leu to Ile), showing rescue of the aur1-2 aur2-2 phenotypes. (B) Phloroglucinol and toluidine blue staining of stem cross-sections of WT and transgenic lines with the specified AtAUR2 mutations. (C) Real-time RT-PCR analysis showing AtAUR2 expression in the wild type, aur1-2 aur2-2 and transgenic lines. The expression level of AtAUR2 in the WT was used as a control. *denotes a significant difference, P < 0.05; **denotes a strong significant difference, P < 0.01. mutant plants are due to their specific functions in vascular tissues. We further demonstrated that the AUR2 gene has specific functions in vascular development through transgenic experiments using vascular-specific promoters. Our results indicated that the construct ProSUC2:AUR2 complemented the xylem development phenotypes of aur1-2 aur2-2 mutants (Fig. 6D, E) . These results indicate that AUR2 is required for normal vascular development, and expression of AUR2 in phloem tissue is important for its biological function. There are reports that phloem-expressed genes regulate xylem differentiation and vascular function (Wang et al. 2013 , Kondo et al. 2014 , Hirakawa and Bowman 2015 . It would be very interesting to investigate further the molecular mechanism of AUR2 in vascular development.
To investigate the functional mechanism of the two aAurora kinases in vascular development, we analyzed the expression of master regulators in phloem and xylem development. We found that the expression of AtAUR2 and the master regulators is negatively correlated (Figs. 7, 8 ). The APL gene is well known for its function in promoting phloem differentiation during vascular development (Bonke et al. 2003) , while the VND proteins, VND6 and VND7, are master regulators in xylem vessel differentiation, SCW biosynthesis and programmed cell death (Kubo et al. 2005 , Yamaguchi et al. 2010b , Zhou et al. 2014 . Real-time RT-PCR and the GUS reporter line experiment indicated that expression of APL and VND6/7 was dramatically increased in aur1-2 aur2-2, and downregulated in xdi-d mutant plants. These data support a model whereby Aurora kinases regulate the development of phloem and xylem through APL and VND6/7 key regulator genes, respectively. However, direct regulation of these genes by aAurora kinases is still lacking. Recently, it has been demonstrated that Aurora kinases interact with and phosphorylate many transcription factors (Takagi et al. 2016 ). Therefore, it is possible that the a-Aurora kinases directly regulate the functions of APL and VND6/7, and this is worthy of future studies. Alternatively, Aurora kinases function as a modulator through histone H3 modification (phosphorylation) and indirectly regulate their target genes. The identification of the direct substrate of the a-Aurora kinases will help us further understand their molecular mechanisms in vascular development.
The differentiation of protoxylem cells was disrupted in the xdi-d mutant plants (Fig. 1C) . In addition, parenchyma cells were observed in the position of vascular fiber cells in the xdi-d mutants, indicating that the development of vascular fiber cells was dirsrupted in the mutant lines (Fig. 2B ). In contrast, the interfascicular fiber cells showed normal development (Fig. 2B) . These results indicate that the development of fiber cells may be regulated differently in vascular compared with interfascicular regions. Although the overall expression of NST1, NST2 and NST3 showed no significant change in the aur1-2 aur2-2 double mutant plants ( Supplementary Fig. 6) , it is still possible that these genes are regulated by Aurora kinases in specific cell types, such as in the vascular fiber cells.
The Aurora kinases are phosphorylated by their upstream kinases, and in turn phosphorylate their downstream substrates (Crosio et al. 2002 , Vos et al. 2008 , Neumayer et al. 2014 , Tomaštíková et al. 2015 , Takagi et al. 2016 . The phosphorylation by AtTPX2 enhanced Aurora kinase activity toward downstream substrates, including histone H3 and transcription factors (Vos et al. 2008 , Takagi et al. 2016 . Through transgenic experimentation, we found that mutations that disrupt autophosphorylation, kinase activity and substrate binding activities of AtAUR2 diminish the ability of AtAUR2 to complement the aur1-2 aur2-2 double mutant, indicating that these activities are essential for its biological functions. In contrast, the transgenic studies also indicated that ATP cycle, dimerization and ubiquitination activities were not critical for its biological function in vascular development.
Materials and Methods

Plant material and growth conditions
Arabidopsis seeds were sterilized and incubated at 4 C in the dark for 3 d, and subsequently germinated on 1/2 MS (Murashige and Skoog; Sigma-Aldrich) agar medium. In this study, we used Arabidopsis thaliana ecotype Col-0 as the wild type and an aur1-2 aur2-2 double mutant line. The double mutant was originally a cross of two T-DNA lines, SALK_031697 (aur1-2) and a Gabi-Kat line, GK403B02 (aur2-2), as described earlier (Demidov et al. 2005) . The xdi-d mutants were identified by screening a large-scale activation-tagged population. The same growth conditions and treatments were conducted on A. thaliana as described previously (H. . All experiments were performed under long-day conditions with 16 h light/8 h dark, relative humidity 70% and light intensity 150 mmol m À2 s À1 at 22 C.
Phenotypic characterization of stems
The characterization of vascular development was performed using cross-sections of mature stem tissue and then staining them with phloroglucinol or toluidine blue. All samples for cross-section were collected from the bottom of the stem just above the rosette leaves. Plants of different genotypes were grown side by side in the same growth chamber to ensure that all plant materials are comparable in terms of developmental stages and growth conditions. The stem cross-sections (50 mm) for individual plants were obtained using a VT1000 S Vibratome (Leica, www.leica-microsystems.com/). The sectioned stems were observed under a Micophot-FX microscope (Nikon, www.nikon.com/) after staining for 2-5 min. The INFINITY3 color camera (Lumenera, www.lumenera.com/infinity3-1.html) was used to take pictures of images under the ideal setting of light, exposure time and magnification.
Chemical staining
The phloroglucinol-HCl staining solution was prepared by mixing 1 vol. of HCl plus 2 vols. of 2% phloroglucinol in 95% ethanol. The mixed solution was applied onto cross-sectioned stems for 2 min and washed twice with water and then photographed. The toluidine blue staining solution was prepared by solubilizing 0.4% toluidine blue in 0.1 M NaOAC at pH 4. Stem tissue was exposed to toluidine blue staining for 5 min, and washed at least three times with water. All staining and washing steps were conducted at room temperature, and photographs were taken immediately.
Immunohistochemistry
Plant tissue fixation, processing and immunolocalization of stem samples were performed as described previously (Avci et al. 2012) . Images obtained using a given antibody or by staining with calcofluor were captured using a Nikon Eclipse 80i epifluorescence microscope equipped with a DS-Ri1 camera and NIS Elements basic research software.
TAIL-PCR and sequencing
The TAIL-PCR method was carried out which cloned the gene responsible for the xdi-d mutant phenotype as described previously (Liu et al. 1995) . The degenerated primers and T-DNA-specific primers used in this study are provided in Supplementary Table S1 . The amplified PCR products were purified using a DNA purification kit (Qiagen) after elution from an agarose gel, and then sent for sequencing at the Biotech Center at the University of Connecticut. According to the DNA fragment sequences, we determined a precise insertion site of the T-DNA, in addition to the activation tag. Further genetic analyses and genotyping assays supported that the activation tag is responsible for the xdi-d mutant phenotype.
Gene cloning and constructs
To overexpress AtAUR2 or OLEOSIN, the genomic sequence of AtAUR2 or OLEOSIN was amplified by PCR and digested with the restriction enzymes XbaI and SmaI. This gene was inserted into the pBIG vector embedded with the 35S promoter. The native promoter of AtAUR1 or AtAUR2 was amplified using specific primers and cloned into the TOPO-D vector (Invitrogen, www.lifetechnologies.com/), and was subcloned into the pBGWFS7 vector by LR reaction (LR recombinase, Invitrogen). The primers used for cloning are provided in Supplementary Table S1 . Site-directed mutagenesis of AtAUR2 was conducted by overlapping PCR with the AtAUR2 genomic DNA using the mutagenic primer pairs shown in Supplementary Table S1 . The final PCR products were inserted into the binary pBIG vector by restriction and ligation. All constructs were confirmed by sequencing.
Transgenic plants
All constructs in binary vectors were introduced into Agrobacterium strain GV3101. Wild-type Col-0 plants or aur1-2 aur2-2 double mutants were transformed with the floral-dip method as described (Clough and Bent 1998) . Seeds collected from transgenic plants were spread on 1/2 MS medium with appropriate antibiotics. T 1 generation lines were selected based on resistance to hygromycin B for overexpression and complementation plants, and BASTA for promoter::GUS transgenic plants (BioWorld, www.bio-world.com), respectively. The seedlings that survived were transferred to soil and grew under normal conditions. T 2 and T 3 generations were obtained for phenotypic observation.
GUS assay
The GUS expression seedlings were obtained and histochemically stained with XGluc substrate (5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid, Sigma-Aldrich), as described previously (Lee et al. 2011) . To avoid artifacts originating from the transgene insertion site, we examined at least 30 independent transgenic Arabidopsis for each construct. After overnight incubation with X-Gluc solution, the tissue was stained, and microscopic pictures were taken and collected after incubation in 70% ethanol to clean the tissue. The GUS activity was quantified to compare the expression strength of the AtAUR1 and AtAUR2 promoters. The average GUS activity was measured from the analysis of 15 independent lines for each construct.
Gene expression analysis
To analyze the relative gene expression level, Arabidopsis tissue was collected from whole seedlings or stems of 35-day-old plants. The tissues were immediately frozen in liquid nitrogen and stored in a -80 C freezer for future analysis. An RNA isolation kit (Qiagen) was used to purify total RNAs, which eliminated genomic DNA. A Superscript III RT kit (Invitrogen) was used for a reverse-transcribed reaction in a 20 ml system. As described previously (H. , the cDNA was diluted into a total volume of 100 ml and used for quantitative RT-PCR. Briefly, a 2 ml diluted cDNA sample was incubated with an 8 ml master mix solution to reach a total of 10 ml for each PCR tube. The real-time PCR was performed using SYBR Green qPCR master mix in an ABI 7900HT machine (Life Technologies, www.lifetechnologies.com/). The program for PCR amplification was set for analyzing data in accordance with the manufacturer's instructions (Life Technologies). The primers used for the quantitative RT-PCR are shown in Supplementary Table S1 .
Accession numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative under the following accession numbers: At2g25880 (AtAUR2), At4g328300 (AtAUR1), At2g25890 (OLEOSIN) and A2g25900 (TZF1).
Supplementary Data
Supplementary data are available at PCP online.
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